Purpose: The aim of this study was to characterize the clinical phenotype of patients with tetrasomy of the distal 15q chromosome in the form of a neocentric marker chromosome and to evaluate whether the phenotype represents a new clinical syndrome or is a phenocopy of Shprintzen-Goldberg syndrome.
1
Shprintzen and Goldberg described two unrelated patients with the disorder now known as SGS a year later. 2 There have been more than 40 cases reported in the literature. Additional clinical features, which are present in at least two-thirds of the cases, include scaphocephaly, hypertelorism, exophthalmos, malformed pinnae, micrognathia, high-arched palate, pectus excavatum, arachnodactyly, developmental delay, and hypotonia. 3 The etiology of SGS is uncertain but has been linked to mutations in the fibrillin-1 gene (15q21. 1) 4,5 as well as TGFBR1 (9q22) and TGFBR2 (3p22). 3, 4, 6, 7 Mutations in TGFBR1 and TGFBR2 have also been identified in individuals with LoeysDietz syndrome, which is often difficult to distinguish clinically from SGS. [6] [7] [8] [9] Patients with supernumerary marker chromosomes can present with a wide array of phenotypes, ranging from normal to severely affected, depending on the degree and the type of aneuploidy. Some rare supernumerary chromosomes contain a centromeric constriction, but no α satellite DNA, which is found at all endogenous centromeres. These chromosomes have acquired neocentromeres, ectopic centromeres that have epigenetically formed on single-copy DNA, and provide mitotic stability to supernumerary chromosomes that would otherwise be acentric and lost. The majority of neocentromeres are found on inversion duplication chromosomes, which result in partial tetrasomy or trisomy. [10] [11] [12] [13] We report four cases of partial tetrasomy of the distal segment of the long arm of chromosome 15, all in the form of an inverted duplicated supernumerary chromosome with a neocentromere. All patients have a distinctive phenotype that is consistent with previously reported cases of distal tetrasomy 15q resulting from a supernumerary marker chromosome. Although patients with distal tetrasomy 15q show some of the features present in patients with the SGS, their overall phenotypic gestalt appears to be different.
mAteRiALs And metHOds

Patients
Informed consent was obtained for reporting the clinical spectrum of all patients as well as for public release of patient photographs. 
Patient 1.
The proband (Figure 1a) was the 3,239-g (25‰) product of a full-term uneventful pregnancy, delivered by normal spontaneous vaginal delivery to a 30-year-old gravida 9 para 6026 mother. During the neonatal period, he had mild respiratory distress requiring continuous positive airway pressure, as well as feeding difficulties. At the age of 6 years and 9 months, he weighed 17 kg (<3‰), his length was 111 cm (5‰), and his head circumference (HC) was 53 cm (75‰), and he was noted to have significant postnatal growth retardation, macrocephaly, dolicocephaly, turricephaly, an elongated face, hypertelorism, flat philtrum, posteriorly rotated pinnae, a broad nasal root, and an extremely high vaulted and narrow palate with a bifid uvula. He had severe kyphoscoliosis and an asymmetric thorax with a prominent tail-like coccyx. His extremities were long and thin with fifth-finger clinodactyly, flexion contractures of the digits, and long overlapping toes (Figure 1a insets) (Figure 1d ) was first evaluated at 32 years of age for overgrowth, Marfanoid habitus and mild mental retardation. He was delivered full term via C-section to a 25-year-old gravida 2 para 1001 mother; he had a birthweight of 5,900 g and length of 63 cm (both >97‰). He underwent surgery for craniosynostosis at 8 months of age and for a 70-degree thoracic scoliosis at 29 years of age. Global developmental delay was present with a full-scale Wechsler Adult Intelligence Scale Interpretation IQ of 57. At 28 years of age, computerized axial tomography scan of the head detected mild cortical atrophy; and a similar scan of the abdominal and pelvic areas was unremarkable and a transthoracic echocardiogram revealed mild mitral regurgitation, tricuspid regurgitation, and pulmonary arterial hypertension with no aortic root enlargement. At 32 years of age, his height was 193.5 cm (>97‰) and his HC was 57 cm (75‰). He was dysmorphic with dolicocephaly, malar flattening, downward obliquity of the palpebral fissures, low-set pinnae, a pseudo-cleft palate, retrognathia, pectus excavatum, and large hands. Molecular analysis of three genes (FBN1, TGFBR1/2) associated with Marfan-like connective tissue disorders including SGS was normal.
molecular cytogenetic analysis
Fluorescence in situ hybridization using a 15q subtelomeric probe (Abbott Diagnostics, Abbott Park, IL) and a biotinylated all-human-centromere (α satellite) (Oncor, Gaithersburg, MD) was performed according to the directions of the manufacturer. Digital image analysis was performed using a Cytovision system (Applied Imaging, Santa Clara, CA). , which hybridized to all normal centromeres (green) (e.g., white arrowhead and inset) but not to the neocentromere (white arrow and inset). Immunofluorescence with antibodies to CENP-C is seen at all centromeres (red) including the neocentromere (white arrow and inset) and normal centromeres (inset). CENP-C, centromere protein C; FISH, fluorescence in situ hybridization. Immunofluorescence with antibodies to CENP-C was performed on 3:1 methanol:acetic acid-fixed chromosomes from primary lymphocytes. Rabbit anti-CENP-C was detected with goat anti-rabbit IgG. Chromosomes were counterstained with 4' ,6-diamidino-2-phenylindole (DAPI). Photomicrographs were obtained on a Nikon Eclipse 800 (Nikon, Melville, NY) fluorescent/phase microscope equipped with a Sony DKC 5000 (San Diego, CA) camera. Each image was collected separately using single-pass filter sets (Chroma Technology, Bellows Falls, VT), and separate red green blue color channels were merged using Adobe Photoshop (Adobe Systems, San Jose, CA).
Single-nucleotide polymorphism (SNP) oligonucleotide microarray analysis (SOMA) was performed using the Affymetrix Genome Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA), which includes more than 906,600 SNPs and more than 946,000 probes for the detection of copy-number variation. Sample preparation, hybridization, and scanning were performed using GeneChip Instrument System hardware according to the specifications of the manufacturer (Affymetrix, Santa Clara, CA). Analysis was performed using the Affymetrix Genotyping Console software. The samples met Affymetrix recommended values for Contrast quality control (SNP) and Median of the Absolute values of all Pairwise Differences quality control (copy number variation)). The intensities of both SNP and copy number variation probes were used to determine segments that varied in copy number. SNP and copy number intensities were normalized against an internally derived normal reference set of 48 samples.
ResULts conventional and molecular cytogenetic studies
Peripheral blood chromosome analysis on all four patients revealed a small nonmosaic supernumerary marker chromosome (Figure 2a) . SOMA was performed on all four patients and revealed a gain consistent with four copies of the distal region of chromosome 15 (Figure 3) . Fluorescence in situ hybridization. using a 15q subtelomeric probe revealed two distinct pairs of signals at each end of the marker, consistent with an inversion duplication of the distal 15q sequences (Figure 2b) . The 15q probe also hybridized to the telomeric region of each normal chromosome 15, confirming partial tetrasomy for 15q (Figure  2b) . This genomic region is rich in duplications and structural variation that may have played a role in the formation of these inverted duplication chromosomes (Figure 4) . The absence of α satellite DNA on the marker was confirmed by using an "allhuman-centromere" pan-alpha satellite probe, which hybridized to all normal human centromeres but did not hybridize to the marker chromosome (Figure 2c) . The presence of a functional centromere on the marker chromosome was confirmed by immunofluorescence with antibodies to CENP-C, which showed the characteristic double-dot CENP-C kinetochore pattern at the centromeres of all chromosomes including the marker (Figure 2c) . The clinical features of patients 1-4 are shown in Table 1 together with previously reported cases of Table 2 .
discUssiOn
Neocentromeres are found on supernumerary chromosomes that have separated from endogenous centromeres, leading to the mitotic stability of paracentric ring chromosomes or distal inversion duplications. Thus, the formation of neocentromeres, while extremely rare, permits aneuploidy for almost any region of the genome, albeit an ascertainment bias for recognized pregnancy or fetal survival. 14 The inversion duplication 15q chromosome described in this report ranks as one of the most commonly observed neocentric chromosomes. This hotspot of neocentromere emergence in 15q24-q26 has been attributed to the possible reactivation of an ancestral latent centromere in band 15q25.2 that was inactivated about 25 million years ago. 15, 16 Chromosome 15q24-q26 is rich in segmental duplications and structural variation, which may promote chromosome rearrangements in this area. 17 These segmental duplications may be pathogenic, and rearrangements of them have been associated with susceptibility for panic and phobic disorders and joint laxity. 18 Genomic analysis shows that just proximal to the breakpoints in our cases (Figure 4) are two clusters of segmental duplications that contain a gap, inverted repeats surrounding this gap, structural variation, and homology to the more distal cluster. This high degree of structural variation in the region of the breakpoints including inverted repeats suggest that non-allelic homologous recombination between these homologous regions may have played a role in the generation of these inverted duplications. 19 The evolutionary history of this region is thus related to a high frequency of neocentromere emergence and pathogenic rearrangements.
Distal tetrasomy 15q is a rare disorder for which molecular cytogenetic techniques such as high-resolution SOMA are useful in delineating the nature of the chromosomal abnormality. There have been at least 13 previously reported cases of tetrasomy 15q in the form of a marker chromosome. 10, 11, 15, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] However, in only 10 of the 13 are specific clinical data available ( Table 1 ) with 9 of the 10 reported as mosaic tetrasomy 15q. Nonetheless, the craniofacial gestalt observed in all our cases is also present in eight of eight cases tetrasomic for 15q25 where clinical images are available ( Table 1) . Renal anomaly is also a common feature among distal tetrasomy 15q patients but may not necessarily be reported if not specifically investigated. It is also possible that the critical gene/s responsible for the renal anomalies are located between the genomic coordinates 84,151,101 (15q25.3) and 88,847,491 (15q26.1), as suggested by the breakpoint defining the common region of overlap in the three cases with renal anomalies and the starting breakpoint in the case that did not present with renal anomalies.
The molecular etiology of the SGS is not well defined, but a few case reports have linked the phenotype to mutations in three genomic loci, FBN1 at 15q21.1, 4,5 TGFBR1 at 9q22, 3 and TGFBR2 at 3p22. 4 This suggests that there are multiple 88,847,491-100,276,767; 11.4 Mb), which implies that this may be the critical region in the tetrasomy 15q syndrome. Because many of the trisomic cases were defined only by standard cytogenetic G-band analysis and not by high-resolution molecular techniques such as SOMA, it is possible that those reported trisomy cases without the phenotypic gestalt of our four cases did not have aneusomy of the critical 15q26.1-q26.3 region. An alternative hypothesis, explaining the consistent phenotype in tetrasomy 15q26.1-q26.3 as compared with trisomy of the same region, implicates epigenesis. It is felt that neocentromere activity is acquired epigenetically, not as the result of a DNA sequence change. It is possible that part of the phenotype in these neocentric cases is also due to epigenetic effects. There are more than 60 genes located in the critical 15q26.1-q26.3 region and many have yet to be characterized. The various clinical features observed in the tetrasomy 15q phenotype are likely caused by the cascading effects of gene-dosage increases of various genes. Among the candidates are UNC45A, which has cytoskeletal and muscle-specific functions, 34 and IQGAP1, which is a multidomain scaffold protein that binds to a wide variety of targets and modulates several cellular activities, including cell-cell adhesion, transcription, cytoskeletal architecture, and signaling pathways. 35 FURIN, located at 15q26.1, cleaves pro-TGFB1 to produce biologically active TGFB1, 36 and its dysregulation could possibly affect the TGFB1 receptor, which would potentially explain the link between the overlapping features seen in SGS and Loeys-Dietz syndrome. IGF1R, located at 15q26.3, encodes an important component of the insulin-like growth factor axis and is critical to pre-and postnatal growth. It encodes an α2β2-heterotetrameric protein with ligandstimulated tyrosine kinase activity. The binding of IGF-I to its receptor induces receptor autophosphorylation in the intracellular kinase domain of the β-subunit and results in activation of the intrinsic tyrosine kinase activity of the IGF1R. Okubo et al. 37 demonstrated increased rates of cell proliferation and autophosphorylation of IGF1R in skin fibroblasts from a patient with duplication of IGFR1 arising from a parental pericentric inversion. Gene dosage for IGF1R is increased in our patients and may result in increased binding of IGFs and overgrowth. In addition, Cunningham et genetic factors that result in a common clinical phenotype. The seemingly common craniofacial and skeletal anomalies in our patients raise the question whether the 15q26→qter region is implicated as a fourth candidate region in the etiology of SGS. According to some authors, the SGS phenotype can be subdivided into patients with and without aortic dilatation. 8, 30 Megarbane and Hokayem 31 further describe type I SGS patients with craniosynostosis and Marfanoid habitus and type II SGS patients with normal intelligence, aortic root anomalies, and mild skeletal dysplasia. 31 Our patients have features of the SGS phenotype without aortic manifestations and have craniosynostosis with a Marfanoid habitus. In addition, renal anomalies, which are not reported in SGS, were present in three of the four of our patients. The facial dysmorphism in our tetrasomy 15q26 patients appears different from the facial gestalt presented in the original 1982 Sphrinzen and Goldberg article. 2 The relatively coarse asymmetric facies, prominent nose with a broad nasal root, and prominent chin are remarkable features in our cohort of patients but not in SGS patients. SGS patients present with mild to moderate delays and are usually verbal. In contrast, our patients are severely developmentally delayed and three of the four patients were nonverbal. Two of the four patients in our cohort had hearing loss, which has not been reported in SGS. Furthermore, the shallow orbits, which are commonly observed in SGS, are not present in our patients.
Our four patients display well-defined clinical features that are remarkably similar to previously reported cases of tetrasomy 15q involving the most distal region. The distinct phenotypic similarity among the tetrasomy 15q cases indicates that this is a discrete clinical entity. It is obvious that the 15q25-q26 region harbors dosage-sensitive genes and trisomy for this region also manifests in a spectrum of overlapping anomalies including overgrowth, learning difficulties, renal anomalies, and dysmorphic facies. 27, 32, 33 The facies in some trisomy reports appear identical to those of our patients 33 and those in other reports appear distinctly different. 27, 32 The dosage threshold required to consistently produce the phenotype described in this report appears to be reached once four copies of the distal 15q region are present. Aneusomy of 15q25-q26 clearly leads to a range of recognizable clinical anomalies and tetrasomy of this region may represent the most severe side of the phenotype. The common region of overlap in our four cases is q26.1-q26.3 (genomic coordinates:
The striking phenotypic resemblance of our four cases certainly points to a role of genes in 15q26 in the etiology of this unique syndrome. The hallmark features include severe developmental delay, craniosynostosis, Marfanoid habitus, coarse asymmetric facies, prominent nose with broad nasal root, and prominent chin. Renal anomalies strongly implicate aneusomy of distal 15q, but may be absent if the breakpoint lies distal to 15q25.3. The clinical similarity to SGS is nonetheless evident and because SGS is difficult to distinguish clinically from Loeys-Dietz syndrome, all three syndromes should be considered in the differential diagnosis. Given the inconclusive link between SGS and mutations in FBN1, TGFBR1, and TGFBR2, 9 conventional cytogenetic analysis should be considered as the first line of testing before expensive sequencing of the putative SGS genes.
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